To detect antibody against feline herpesvirus 1 (FHV-1) in the sera of cats, the sensitivity and specificity of an enzyme-linked immunosorbent assay (ELISA) using nuclear antigen was investigated. The standardized optical density readings (ODs) of the ELISA obtained by the 1-step serum dilution (1:80) method were compared with the serum neutralization test (SNT) results, with a correlation of 0.993, and with the hemagglutination inhibition (HI) test results, with a correlation of 0.851. The ODs for the ELISA titers were obtained using the serial serum dilution method and were compared with the SNT results, with a correlation of 0.933, and with the HI test results, with a correlation of 0.987. In the experimental infection of 4 specificpathogen-free cats, the results of different serologic tests (SNT and HI) and the ELISA using the serial serum dilution method revealed rapid production of antibodies after inoculation, whereas the ELISA using the onestep serum dilution method indicated that titers increased more slowly. These results indicate that with the present ELISA using nuclear antigen, there are fewer demands on time and labor, making the method convenient for monitoring FHV-1 infection.
Feline herpesvirus 1 (FHV-1) was first isolated in 1958. 8 The virus causes upper respiratory disease or, in some cases, keratitis. 33 After clinical manifestations, cats recover from the disease, become subclinical virus carriers, and have recurrent infections. In some cases, kittens are infected by the queen. 17 In catteries, pet shops, pet hotels, etc., where cats are kept in large numbers, the detection of cats with clinical manifestations or inapparent FHV-1 infection and the postvaccination antibody level are considered important for the control and prevention of the disease.
The serum neutralization test (SNT) is the most common serologic test used for the detection of FHV-1-infected cats, 3, 7, 9, 31, 32 but the serum neutralizing antibody to FHV-1 is difficult to detect by conventional SNT because of the poor immunogenicity of FHV-1. SNTs have been somewhat improved by the addition of complement. These tests either have detected only high titers 21 or have not been effective. 32 The hemagglutination inhibition (HI) test gives a higher titer than SNT 13 and is useful for detection of antibody. 31 The fluorescent antibody technique, 5 when compared with the HI test, provides similar results (G. Suzuki, personal communication).
Enzyme-linked immunosorbent assay (ELISA) has been used for diagnosis of many viral diseases, 12, 34 in-cluding those caused by various kinds of herpesviruses. 2, 33, 35, 36 ELISA is now recognized as an excellent alternative to the conventional SNT, with high sensitivity and specificity. 37 Other advantages of the ELISA method include convenience and automation. 14 An ELISA using canine herpesvirus (CHV) antigen was prepared by solubilizing infected cells because the ELISA value as seen for purified viral antigen showed a marked decrease with antigen dilution. 35 Antigen solubilization of FHV-1-infected cells in the same manner was also used in an ELISA. 24 The usefulness of the nuclear antigen of herpes simplex virus (HSV) has been reported. 18 The nuclear antigen was prepared more conveniently without ultracentrifugation. An ELISA using nuclear antigen for FHV-1 was applied in the present study.
Materials and methods
Virus and cell cultures. FHV-1 previously isolated in the Department of Veterinary Microbiology, Azabu University, and designated strain A-U6 was used in this study. 17 The virus was propagated in Crandell feline kidney (CrFK) cells and incubated in Eagle's minimal essential medium supplemented with 10% tryptose phosphate broth, 5% newborn calf serum, and antibiotics (100 U/ml penicillin, and 100 g/ ml streptomycin sulfate). The pH was adjusted by addition of NaHCO 3 to a final concentration of 0.5%. The maintenance medium for the preparation of virus antigen for the ELISA was free of serum and contained 0.5% glucose and 0.1% yeast extract.
Hemagglutinin production and the HI-test. At 24 hr postinfection (PI) the FHV-1-infected cells were harvested from 10-cm 2 tissue culture dishes. 19 Infected or mock-infected cell suspensions were prepared in buffer solution containing 25 mM Tris-HCl, pH 8.0, and placed on ice for 10 min. The cells were homogenized with a glass homogenizer a and centrifuged at 1,232 ϫ g for 10 min. The supernatant was decanted, and the pellet was resuspended, homogenized, and centrifuged. These procedures were repeated 3 times. The supernatants were pooled and centrifuged at 111,700 ϫ g for 1 hr in an RPS40T rotor. b The pelleted fraction containing cell membranes was used in subsequent experiments. Detergent treatment of infected cell membranes (0.05% Triton X-100 in 0.1 M glycine-NaOH buffer, pH 8.8) was used to solubilize the hemagglutinin (HA). Serial 2-fold dilutions of HA were made in phosphate-buffered saline (PBS) containing 0.002% (w/v) gelatin, using 0.05 ml/well. An equal volume of 0.5% feline red blood cells, washed and suspended in the same buffer, was added to each well. The HA titer was defined as the reciprocal of the highest dilution showing complete hemagglutination (1 unit) after incubation for 2 hr at 20 C. After incubation for 30 min at 58 C, serial 2-fold dilutions of each serum sample were prepared in 1 row of a 96-well plate. c An equal volume of HA antigen (4 units) diluted in 0.025 ml of PBS was added to each well, mixed, and incubated at 20 C for 20 min. After incubation, 0.05 ml of 0.5% feline red blood cells was immediately added, and hemagglutination was determined after 1 hr at 20 C. The HI titer was expressed as the reciprocal of the serum dilution that gave 50% inhibition of hemagglutination.
SNT. Serial 2-fold dilutions of each serum sample were prepared. An equal volume of virus antigen (200 TCID 50 /0.1 ml) was added to each sample, the reagents were mixed, and the plate was incubated at 37 C in 5% CO 2 . After incubation for 120 min, the mixtures (100 l) were inoculated into the wells of CrFK cell cultures, and the plates were incubated again at 37 C in 5% CO 2 . The plates were examined for the appearance of a cytopathic effect (CPE) on the fifth day. The SNT titer was expressed as the reciprocal of the serum dilution that gave 50% inhibition of the appearance of CPE. 15 Purified virus antigen. The supernatant of cell cultures infected with FHV-1 was centrifuged at 12,400 ϫ g for 30 min and further centrifuged at 77,600 ϫ g for 2 hr. b The pellet was suspended in 1/100 volume of TNE buffer (0.01 M Tris-HCl, 0.1 M NaCl, 0.01 M ethylenediaminetetraacetic acid, pH 7.4). The suspension was layered onto a gradient of 5-40% sucrose and ultracentrifuged at 4 C at 111,100 ϫ g for 120 min. b After centrifugation, 0.5-ml fractions were collected from the bottom of the tube. Each fraction was measured for density and titrated for infectious FHV-1. The fraction that showed a peak in infectivity was dialyzed against PBS and used as the antigen. Negative control antigens for the nuclear and virus antigens were prepared from mock-infected cells and culture fluid. Protein concentrations of all the antigens were determined by a previously described method. 26 Preparation of ELISA nuclear antigen. Nuclear antigen was prepared by a previously described method with minor modification. 4 Monolayers of CrFK cells were grown in 10 10-cm petri dishes, and to each petri dish 1 ml of FHV-1 culture fluid containing 10 6.5 TCID 50 /0.1 ml was added. At 18-24 hr, the infected cells were harvested by scraping into 10 ml of 0.4% KCl and collected by centrifugation at 888 ϫ g for 10 min. The collected cells were rinsed 3 times with PBS and resuspended in 10 ml of 0.4% KCl-1% Nonidet P-40. d The cell membranes were solubilized with a Dounce homogenizer. The homogenized cell suspension was layered on a sucrose solution (0.25 M sucrose/0.4% KCl) and centrifuged at 308 ϫ g for 5 min. The precipitate was mixed with 5 l of 0.5% bovine serum albumin in 10 mM Tris-HCl (pH 7.5), 1.5 mM MgCl 2 , and 10 mM KaCl, sonicated for 10 min with a sonicator, e and centrifuged at 888 ϫ g for 5 min. The supernatant was then filtered through a 450-nm filter.
ELISA methodology. The ELISA procedure was a modification of previous methods. 16 The FHV-1 nuclear antigen was diluted in coating buffer (Na 2 CO 3 , 1.59 g/liter; NaHCO 3 , 2.93 g/liter; pH 9.6) and added to 96-well microtiter plates c in 100-l volumes and incubated overnight at 4 C. After washing 4 times with PBS-0.05% (v/v) Tween 20 (NaCl, 8.0 g; KH 2 PO 4 , 0.2 g; Na 2 HPO 4 , 2.9 g; KCl, 0.2 g, pH 7.4; Tween 20, 0.5 ml/liter), 400 l of 25% (v/v) blocking reagent f prepared from cow's milk protein in PBS-Tween was added, and the plate was incubated for 3.5 hr at room temperature (RT). After washing, 100 l of serum from an experimentally infected cat diluted in PBS-Tween was added, and the plate was incubated for 2 hr at RT. Rabbit anti-cat IgG (H ϩ L) conjugated with horseradish peroxidase g (HRP) diluted in PBS-Tween was added, and the plate was incubated for 2 hr at RT. After washing, 100 l of substrate (0.1 M citric acid, 24.3 ml; 0.2 M Na 2 HPO 4 , 25.7 ml; H 2 O, 50 ml; O-phenylendiamine, 40 mg; 30% H 2 O 2 , 40 l) was added, and the plate was incubated for 20 min at 37 C. The reaction was stopped with 200 l of 2.5 M H 2 SO 4 per well, and the optical density (OD) was read at 497 nm. h Based on the statistical determination of the mean of the standardized OD (ODs) (ODs ϭ OD of positive antigen Ϫ OD of negative antigen), an arbitrary ODs was chosed as positive, which corresponded to twice the mean as previously reported, 15 and the ELISA titer was expressed as the reciprocal of the maximum dilution that showed an ELISA value equal to or more than the mean.
Experimental infection. Female 8-month-old specificpathogen-free (SPF) cats free of serum neutralizing antibody to FHV-1 were administered 30 ml of FHV-1 culture fluid (10 6.5 TCID 50 /0.1 ml) orally. Serum was collected weekly up to 4 wk after the administration. Serum samples were stored at Ϫ20 C until used for antibody detection.
Statistical comparisons. The results were computed and analyzed with the Statistical Analysis System. 1
Results
Concentration of nuclear antigen. Figure 1 shows the results of the ELISA using HRP-labeled rabbit anti-cat IgG at a dilution of 1:5,000 for positive and negative nuclear antigens, a positive serum (SNT-1: 32, HI-1:64) from a cat experimentally infected with FHV-1, and a negative SPF cat serum. When the positive and negative nuclear antigens were compared for their ELISA values at 1:200 dilutions of positive and negative sera and antigen dilutions ranging from 3.8 to 120 g/ml, the values obtained remained fairly con- stant as the antigen dilution varied. At positive and negative antigen concentrations of 120 g/ml, the absorbances at 497 nm were 0.88 and 0.17, respectively. Up to at least 30 g/ml protein concentration, even higher ELISA values were obtained. At antigen dilutions below 7.5 g/ml, the ELISA value showed a marked decrease. On the basis of these results, a protein concentration of 30-60 g/ml was considered to be appropriate for the ELISA antigen for detection of antibody to FHV-1 in cat sera. This concentration range was used for all subsequent experiments.
The mean (Ϯ SD) of ODs from sera of 44 SPF cats free of antibody to FHV-1 was 0.07 Ϯ 0.06, thus the positive antibody level in serum was chosen to be 2 ϫ 0.07, and the ELISA titer was expressed as the reciprocal of the maximum dilution that showed an ELISA value (ODs) Ն0.14.
Comparison of SNT and ELISA by 1-step dilution of serum. Results for the detection of FHV-1 antibody using ODs in the ELISA obtained by a 1-step dilution of 1:80 and by the SNT are compared in Fig. 2 . From the results of the 27 sera, a correlation of 0.993 (y ϭ 0.1303x ϩ 0.0072) was found between the titers detected by the ELISA and by the SNT (x ϭ log2 n ). All sera with titers of Ͻ1:2 by SNT had an ODs of Ͻ0.14, and less correlation (r ϭ 0.899) was found between the titers detected by the ELISA in sera diluted 1:160 and by the SNT.
Comparison of HI and ELISA by 1-step dilution of serum. Results for the detection of FHV-1 using absorbance of ODs in the ELISA obtained by a 1-step serum dilution of 1:80 and by the HI test are compared in Fig. 3 . From the results of the 27 sera, a correlation of 0.851 (y ϭ 0.0026x ϩ 0.1950) was found between the titers detected by the ELISA and the HI test. All sera with titers of Ͻ1:2 by the HI test had an ODs of Ͻ0.14, and slightly less correlation (r ϭ 0.831) was found between the titers detected by the ELISA in sera diluted 1:160 and by the HI test. For antibody detection in cat sera, the ELISA values obtained by a 1step dilution of 1:80 were used. Comparison of SNT and ELISA using serial dilution of serum. The correlation of 0.933 (n ϭ 52, y ϭ 327.449x Ϫ 191.174) obtained between the titers detected by the ELISA in serially diluted sera and by the SNT revealed a significantly higher rate (P Ͻ 0.0001) of detection by the ELISA than by the SNT (Fig. 4 ). All sera with titers of Ͻ1:2 by SNT had ELISA titers of Ͻ1:40.
Comparison of HI and ELISA using serial dilution of serum. The correlation of 0.987 (n ϭ 52, y ϭ 20.2830x Ϫ 19.6594) found between the titers detected by the ELISA in serially diluted sera and by the HI test revealed a significantly higher rate (P Ͻ 0.0001) of detection by ELISA than by the HI test ( Fig. 5 ). All sera with titers of Ͻ1:2 by the HI test had ELISA titers of Ͻ1:40.
Antibody response in experimental infection of cats. The results of the serologic tests for PI antibody production with SNT, HI, and ELISA (ELISA titer from serially diluted sera and ODs by 1-step serum dilution) are shown in Fig. 6 . 1, 2, 3) , and then continued at 1: 128 (cat Nos. 1, 3, 4) through the fourth week.
ELISA titers by the serial serum dilution method were 1:40 (cat No. 1) to 1:60 (cat Nos. 2, 4) on the seventh day PI and increased to 1:1,280 by the 14th day (cat Nos. 1, 3), to 1:2,560 (cat No. 1) by the third week, and to 1:2,560 (cat Nos. 2, 3) and 1:5,120 (cat No. 1) by the fourth week.
The titers obtained in the ELISA by serial dilution of serum, in the HI test, and in the SNT showed a rapid increase, particularly in the second week after virus inoculation, as compared with ELISA values using 1-step dilution, which showed a slow increase up to 4-5 weeks.
Discussion
ELISA for the serodiagnosis of herpesvirus infections other than FHV-1 has been used in studies of bovine herpesviruses types 1 35, 36 and 4, 11 equine herpesvirus types 1 and 4, 1,6,10,30 HSV, 22 Aujeszky's disease virus, 2 and others. Because of a marked decrease in the ELISA value seen with CHV purified viral antigen on antigen dilution, ELISA antigens for the serodiagnosis of CHV were prepared by solubilizing CHV-infected cells with detergents; after the infected cell suspension was sonicated, sodium deoxycholate was added, and the suspension was ultracentrifuged at 90,000 ϫ g for 30 minutes. 37 The supernatant was used as the antigen for ELISA. Similar methods of antigen preparation have been used for FHV-1 ELISA development. 25 The results of the ELISA using HSV nuclear and purified viral antigens correlated closely with SNT results and appeared useful for serologic diagnosis of HSV infection. However, a more convenient serodiagnostic ELISA was needed, using nuclear antigen for the detection of HSV infection because ultracentrifugation is not an efficient means for preparing nuclear antigen. 16 In the present study, an ELISA with FHV-1 nuclear antigen was used for the serodiagnosis of FHV-1 infection.
Antigen dilutions ranging from 15 to 120 g protein/ml yielded high ELISA values. On dilution of antigen below 7.5 g/ml, the ELISA value showed a marked decrease. Protein concentrations of HSV nuclear antigen of 10 g/ml have yielded high ELISA values. 16 On the basis of these results, nuclear antigen at a protein concentration of 30-60 g/ml was considered appropriate for the detection of antibody to FHV-1 by ELISA. As previously reported, 15 because of the positive limit of 0.14 (twice the average ODs of antibody-free SPF cat sera), the ELISA titer was expressed as the reciprocal of the maximum dilution that gave an ODs value Ն0.14.
The nuclear and virus antigens of FHV-1, visualized by Western blot analysis, showed major bands at 108 (gpB), 27 60 (gpD), 28 40, 36, and 30 kD for nuclear antigens (data not shown) and at 143, 113, 108, and 60 kD for viral antigens. 29 Of those glycoproteins (gps), gp143/108, gp113, and gp60 induced detectable virus-neutralizing antibodies to the homologous virus, but hemaglutination-inhibiting antibodies were produced only by gp60-inoculated mice. Two gps, 108 and 60, reflect the specificity of the ELISA for the detection of neutralizing and HI antibodies to FHV-1 in cat sera. 20 From the results of the detection of ODs in the ELISA obtained by 1-step serum dilution (1:80), a correlation of 0.993 was found between the titers detected by the ELISA and by the SNT assay and of 0.899 between the titers detected by the ELISA on a serum dilution of 1:160 and by the SNT assay. These values were higher than the correlation (0.887) obtained between the titers detected by the ELISA of CHV infection and by the 50% plaque reduction assay. 37 When the results of ELISA obtained in the same manner as above and the HI test were compared, a correlation of 0.851 was found, whereas a lesser correlation of 0.831 was obtained between the titers detected by the ELISA on serum dilution of 1:160 and by the HI test. Consequently, for antibody detection in cat sera using ELISA and 1-step dilution, a serum dilution of 1:80 was used.
The correlation of 0.933 found between the titers detected by ELISA with serial serum dilution and by the SNT revealed a significantly higher rate of detection by ELISA than by SNT, and all SNT-negative sera had ELISA titers of Ͻ1:40.
A correlation of 0.987 was obtained between the titers detected in the same manner by the ELISA and by the HI test, and all HI-negative sera had ELISA titers of Ͻ1:40. The sensitivity of the ELISA was about 20 times that of the HI test, and the correlation was higher than with the ELISA by 1-step serum dilution.
In the experimental infection of cats, the results of 3 different serologic tests, SNT, HI, and ELISA, and the titers obtained by the ELISA serial serum dilution method revealed production of antibodies to FHV-1 in 4 SPF cats following inoculation. The ODs values obtained with the ELISA by 1-step serum dilution showed a slow increase after the virus inoculation as compared with the other 3 methods. The different antibody response produced a slightly lower correlation compared with the ELISA by 1-step serum dilution and the ELISA titer by serial dilution. 15 The results of antibody detection suggested that the ELISA is more sensitive than the SNT and HI test and that the ELISA used in the present study is an excellent and convenient method for detecting serum antibody to FHV-1 at low levels.
FHV-2 is antigenically related to bovine herpesvirus 4 (BHV-4). Results of serologic cross-reactivity studies have suggested that FHV-2 is antigenically distinct from FHV-1. 23 Further serologic cross-reactivity studies between FHV-1 and BHV-4 should be conducted by ELISA or western blotting analysis using FHV-1 nuclear antigen. Although the results in the vaccine strain-inoculated cat serum indicated lack of the immunogenic 36-kD band, this band was present in a field strain. 23 Therefore, for detecting antibody in field cat sera, these immunogenic antigens should be considered. Furthermore, the ELISA may be used to investigate the serologic reactivity between virulent wild strains and modified live vaccine strains of FHV-1.
Just as an automated analyzer can determine cytomegalovirus IgG and IgM antibodies, 13 it should be possible to detect IgM to diagnose inapparant FHV-1 infection at an early stage in pregnant cats.
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